In the present work, we briefly review the main conclusions harvested until now in our previous works regarding the WGS reaction together with new results, examples and key ideas for designing WGS catalysts. Most of the ideas and general statements included in the present work may be also very useful for designing catalysts for other reactions that require the presence and combination of metals and oxides. Particularly relevant is the description of the nature, properties and future implications of the nano-mixed-oxide phase "naturally" generated at the interface of some systems which modifies and activates the whole catalytic process. Co-supporting metal and reducible-oxide nanoparticles on another oxide-support in systems with a strong oxide-oxide interaction opens the door to a new family of highly active catalysts suitable for reactions such as Water Gas Shift, CO oxidation or methanol synthesis, among others.
Introduction
The so-called water gas shift (WGS) reaction, CO + H 2 O  CO 2 + H 2 , is one of the main steps in the production of H 2 for fuel cells [1, 2, 3] . Therefore, it is related to the finding and improvement of clean and renewable sources of energy [3, 4] . The reaction needs to be promoted by temperature and a convenient catalyst. Metals alone have been shown to be poor WGS catalysts [5, 6, 7] . This comes from the high barrier observed for H 2 O dissociation, both as flat surface, rough surface or even as nanoparticles (NPs) (see Table 1 ). However, from theoretical calculations it has been shown that the other steps and transitions states involved in the whole WGS reaction are usually exothermic with low activation barriers on metals [6] .
On the other hand, reducible oxides alone as CeO 2 or TiO 2 are able to dissociate H 2 O readily when they are partially reduced and consequently Ce 3+ or Ti 3+ species are present in the system [1, 8] . For instance, the barrier for H 2 O dissociation at reduced TiO 2 has been computed to be as low as 0.35 eV [9] . Nevertheless, the reducible oxides alone are not active at all for the WGS reaction. The reason comes from the highly stable intermediates (formates, carbonates, etc.) they usually form in a mixture of H 2 O and CO [1] . Those intermediates are so stable that it is very difficult for the system to evolve to products and the reaction stops. These two behaviors are schematized in the figure 1.
What it is needed is a mild way, which it could be called "soft reaction", where the energies of the intermediates are neither so high nor so low, but just in a smooth reaction pathway ( figure   1 ). The ideal reaction pathway would be a continuous descending way between reactants and products in an exothermic reaction. Since metals are high-energy-way and oxides are lowenergy-way for the WGS reaction, one could expect the combination of both could work well.
That is the case. In a nice paper, Dr. Rodriguez and coworkers [1] showed that although neither Au(111) nor CeO 2 (111) are active at all for the WGS reaction, deposited small nanoparticles of cerium oxide on the Au(111) surface show a good catalytic activity. The same fact was observed for TiO 2 nanoparticles on Au(111). Moreover, they found that the reduction of the oxide (the presence of Ce 3+ species in the case of CeO 2 ) is critical for the water dissociation step and, at the same time, they stated that the metal phase has to be exposed to reactants along with the reduced oxide. It could be said then, that the WGS catalyst is a bifunctional catalyst in which the role of the reduced oxide is dissociate water and the role of the metal is to adsorb CO and to form less stable intermediates at the interface. This work opened the door to many interesting questions on the WGS reaction mechanism and above all it constituted a solid understanding base for searching, improving and optimizing new highly active WGS catalysts.
The subsequent research efforts were focused then on answering main questions as:
 There are two configurations to combine oxides and metals: (1) the conventional configuration consisting of metal nanoparticles supported on an oxide support, and (2) the so-called inverse configuration in which oxide nanoparticles are supported on a metal support (see figure 2) . Which configuration will report a higher activity and why?
 As bifunctional catalyst, there are two roles in the catalytic process: (1) the reduced oxide phase has to be able to dissociate water and (2) the metal must adsorb CO and lead the reaction to the formation of less stable weakly-bound intermediates at the interface. Which role is more important for the WGS catalytic activity? The answer of this question is critical for the optimization of the catalyst, since it will allow us to know if we should foster the oxide phase over the metal or viceversa.
 Finally, and related to those questions: is there a general way or strategy to improve the catalytic activity by optimizing at the same time both phases, i.e., the oxide and the metal phases?
In the present work, we review briefly the main conclusions harvested until now in our previous works regarding the WGS reaction together with new results, examples and key ideas for designing WGS catalysts. Most of the ideas and general statements included in the present work may be also very useful for designing catalysts for other reactions that require the presence and combination of metals and oxides, for instance methanol synthesis or CO oxidation reactions. Particularly relevant is the description of the nature, properties and future implications of the nano-mixed-oxide phase "naturally" generated at the interface of some systems which modifies and activates the whole catalytic process.
2. Oxide-metal interaction in the inverse catalysts
As mentioned before, there are two configurations for combining an oxide and a metal to form a catalyst: conventional and inverse configurations (figure 2). In the conventional catalyst the role of the metal is fostered, as the metal is dispersed in nanoparticles, adopting then its most active configuration. It has been shown in many ways, in many systems and in many works that metal nanoparticles are more active than flat or rough surfaces. For example, in Ref. [12] we showed that effect in the catalytic activity of copper for the WGS reaction. A clear decreasing of the apparent activation energy is seen when passing from flat-packed surface as Cu(111) to more opened and lower coordinated surface Cu(100), and further lowering is observed when passing from surface to nanoparticles as in Cu/ZnO, where Cu nanoparticles are supported on ZnO. A number of factors are involved in the explanation of the higher activity of the nanoparticles over the surfaces, some of them are: (i) nanosize effects, higher ratio of corners, vertex, edges, and structural defects, which usually are more reactive due to the undercoordination of the atoms occupying those positions. (ii) Also the so-called "fluxionality" of the metal nanoparticles, i.e. their ability to get, in an almost energetically costless way, structurally deformed conformations, allowing a better interaction with the adsorbed species, accommodating dynamically the structure for a stronger bond (obviously in a surface those structural relaxations are much more constrained by the periodicity and packing of the atoms in the ordered crystal than in a nanoparticle). (iii) A further aspect is the higher probability of charge transfer processes coming from the interaction with the support.
In contrast, in the same conventional configuration, the oxide phase is in its less active conformation since it is set to be a bulk-support flat surface.
On the other hand, in the inverse configuration, the role of the oxide is fostered over the role of the metal, since now the oxide is supported as nanoparticles on a bulk-metal flat surface. In the case of the supported oxides, we would like to add a new remarkable factor to the factors mentioned before for explaining the higher activity of the nanoparticles over the bulk-surfaces:
it has been shown than the reducibility of the oxide increases when decreasing the size of the oxide particle [10, 11] , being the reducibility of the oxide critical for the dissociation of water in the WGS reaction.
As an example, we show here the results for CeO x /Cu(111) vs. Cu/CeO 2 (111). In Ref. [12] we showed that WGS reaction activity is significantly higher in CeO x /Cu(111) than in Cu/CeO 2 (111).
Therefore, from experimental observations, fostering the role of the oxide phase seems to be more important than fostering the role of the metal. It would be then a great mistake to consider the oxide as a simple support in the conventional catalytic systems. The oxide may play a role even more important than the role of the metal in the whole catalytic process. Now, the question is why that happens. We performed state-of-the-art DFT-based calculations for answering this point.
It was experimentally observed by STM images that in the CeO x /Cu(111) system, very small CeO x particles (2-5 nm in size) together with large ones (30-50 nm in size, triangular shape, one layer thick) were present on the Cu(111) surface and, at the same time, high percentage of Ce 3+ species was found in the supported oxide particles [12, 13] . Small particles were simulated in the calculations as CeO x isolated particles supported on Cu(111) [12, 13, 14] (figure 5c) and the big ones as a periodic 2D one-layer thick CeO 2 (111) film supported on Cu(111). In the periodic film model, the vectors defining the surface unit cell were carefully chosen to avoid artificial mismatch effects. Calculated adhesion energy of the periodic 2D one-layer thick A quite remarkable point emerges from this theoretical finding: a stoichiometric CeO 2 onelayer thick film can indeed be reduced without losing oxygen atoms, i.e. without generating oxygen vacancies in the CeO 2 structure. That process could be called "natural" reduction since it becomes from just the chemical interaction between the metal support and the supported oxide, without forcing the creation of oxygen vacancies in the structure. The explanation is simple but rich in consequences: the oxygen atoms belonging to the supported-oxide can be shared at the interface by the metal-support getting oxidized. This partial oxidation of the metal support involves a reduction of the supported oxide particle. The higher the ability of the metal to get oxidized the higher the extent of the reduction of the stoichiometric supported oxide particle at the interface. than on Au(111). Therefore, for the inverse catalysts, we can conclude that the ability of the metal-support to "share oxygen" atoms getting oxidized at the interface seems to determine:
(i) the strength of the ceria-metal interaction and (ii) the amount of Ce 3+ centers present in the stoichiometric one-layer thick film of ceria.
Moreover, the higher WGS catalytic activity of the inverse CeO x /Cu(111) system over the conventional Cu/CeO 2 (111) [12] and over the inverse CeO x /Au(111) [14] can be explained as follows. As mentioned in the introduction, it is essential for a good WGS catalyst to be able to dissociate water easily, and that ability depends on the amount of reduced centers in the oxide Two mechanisms have been proposed for the WGS reaction, namely Redox and Associative [16] . The main difference between them is that CO 2 is produced from the reaction of adsorbed -CO and -O species (redox) or from dissociation of an intermediate (associative). In both mechanisms, however, the dissociation of water is needed, so Ce 3+ species have to be present in any case. The point is whether or not the water dissociation is the rate determining step (rds) for both mechanisms. This issue is still under discussion, because in the associative mechanism the rds may be the hydrogenation of carbonaceous intermediates. Obviously, the real impact of the presence of Ce 3+ species in the whole reaction activity would depend on whether or not the water dissociation step is the rds.
We can conclude from both theory and experiment that for the CeO x /Cu(111) inverse catalyst:
 "+3" is the dominant oxidation state for cerium atoms in the one-layer thick supported ceria nanoparticles and films.
 This fact is not due mainly to the presence of vacancies in the oxide but to a "sharing oxygen" effect at the interface which oxidizes partially the metal support.
 This "natural" increase of Ce 3+ active sites involves an increase in the H 2 O dissociation activity of the catalyst (being the barrier as low as 0.22 eV, Ref. [14] ).
 The metal-support is modifying the supported-oxide forming a "mixed-oxide" at the interface, and this fact activates the supported oxide nanoparticles.
In figure 3 we schematize and generalize all these ideas and concepts shown until now:
1. Depending on the ability of the metal support to get oxidized, a nano-mixed-oxide may be form at the interface between the supported oxide nanoparticle and the metal support by sharing oxygen atoms at the interface. The stronger the oxide-metal interaction the higher the probability of interfacial nano-mixed-oxide formation.
2. The mixed-oxide formation leads to a partial oxidation of the metal support which involves a reduction of the supported oxide nanoparticle without generating structural oxygen vacancies. For that reason, this process could be called "natural" reduction.
3. The reduction of the supported oxide activates its ability to dissociate water, improving the whole WGS reaction catalytic activity.
4. This process is an interface event which affects mainly the first layer of the oxide and the surface layer of the metal support. Therefore, depending on the thickness of the supported particle, the mixed-oxide may be exposed only at the border of the particle or, in the one-layer thick limit, may be completely exposed to reaction (figure 3).
Oxide-oxide interaction: new generation of catalysts
The next step is to improve the activity and to optimize the catalytic system. As seen before, inverse catalysts may be even more active than the conventional ones because we may increase in that way the percentage of Ce 3+ active centers exposed to reaction, making possible and enhancing the dissociation of water, which may be the rate limiting step of the WGS reaction according to some proposed mechanisms. However, the metallic phase, which is essential for the subsequent steps of the reaction (adsorption of CO and formation of weaklybound intermediates, see figure 1 and Ref. [1] ), has not been optimized yet. Indeed, in the inverse catalysts we are using noble metals in bulk phase which are usually inactive by themselves and above all it is a quite expensive and inefficient way to use those metals.
Therefore, looking for a useful and more active catalyst, we have to optimize the presence of the metal phase. If we look at the conventional catalysts (figure 2), they precisely optimize the metal phase dispersing the metal as supported nanoparticles over the cheaper oxide phase which is used as bulk-support. The solution then is to support both the active reducible-oxide and metal phases on another host oxide. One point, however, should be taken into account:
that solution works if and only if the oxide-support is able to promote a high percentage of reduced species (for example Ce 3+ in ceria) in the supported-oxide particles, i.e. the oxide support has to induce on the supported-oxide particles an effect analogous to that induced by the metal in the inverse catalysts. This idea is schematized in figure 4 : depending on the ability of the oxide-support to exchange cations with the supported-oxide nanoparticles and/or to impose to them a different geometrical structure by a strong interaction, a "sharing oxygen"
atoms effect may take place as in the case of the inverse catalysts, and new electronic/catalytic properties may be expected.
As an example, we show here the results for the systems M/CeO x /TiO 2 (110) [17, 18, 19] , where M stands for supported metal nanoparticles, CeO x means supported cerium oxide nanoparticles, and rutile TiO 2 (110) surface acts as support (see figure 5d ,e,f). From the combination of experiment and theory we could state that for low coverage of cerium oxide on TiO 2 (110), new CeO x species (Ce 2 O 3 dimers, see figure 5a) are formed due to a strong interaction of the supported-oxide with the oxide-support [17, 18, 19] . Therefore, the one-layer thick limit is experimentally achieved, forming the supported-oxide a mixed-oxide completely exposed to reaction at the surface (figure 5a). That strong interaction: (i) leads to a great dispersion of the supported oxide all over the surface (terraces) (see figure 5e ) and (ii) imposes new structural arrangement of Ce and O atoms (figure 5a) in which (iii) "oxygen sharing" effect takes place (nano-mixed-oxide is formed); (iv) all together, finally, allows for the appearance of new electronic properties and high catalytic activity.
The new properties of the system may be summarized in the following points:
 All supported Ce atoms are Ce 3+ , active for the dissociation of water, and exposed to reaction. The calculated barrier for water dissociation is only 0.04 eV [17, 19] , so waterdissociation is no longer the rate limiting step of the WGS reaction on these systems.
 There is an inversion of the ceria reduction-oxidation trends, making active Ce 3+ species more stable than inactive Ce 4+ under WGS reaction conditions [19] .
 Huge WGS catalytic activity is achieved when ceria nanoparticles are co-supported with metal nanoparticles (Au, Cu, Pt) on rutile TiO 2 (110) (see figure 5d ,e,f) [17, 18] .
Another example can be found in the system Pt/CeO 2 /TiO 2 , where Pt stands for supported platinum nanoparticles, CeO 2 means supported cerium oxide nanoparticles, and TiO 2 is anatase powder acting as support [20] . It has been shown from both theory and experiment, that a mixed oxide is formed at the CeO 2 /TiO 2 interface (see figure 5b and ref. [20] ) increasing the amount the Ce 3+ species at the interface. An oxide cation exchange mechanism has been proposed. In any case, again the formation of mixed-oxides at the nanoscale leads to new and better catalytic properties [20] .
We can generalize all these ideas and concepts shown until now as follow:
1. Depending on the ability of the oxide-support to exchange cations with the supportedoxide nanoparticles and/or to impose to them a different geometrical structure by a strong interaction, a "sharing oxygen" atoms effect may take place and new electronic/catalytic properties may be expected. The stronger the oxide-oxide interaction the higher the probability of interfacial nano-mixed-oxide formation.
2. The mixed-oxide formation makes easier the reduction of the supported-oxide, stabilizing the active reduced centers (for example Ce 3+ in ceria).
3. The reduction of the supported-oxide activates its ability to dissociate water, improving the whole WGS reaction catalytic activity. This easiness to dissociate water may be even enhanced by new structural arrangements imposed to the supportedoxide particles by a strong interaction with the support.
4. This process is an interface event which affects mainly the first layer of the oxide and the surface layer of the metal support. Therefore, depending on the thickness of the supported particle, the mixed-oxide may be exposed only at the perimeter of the particle or, in the one-layer thick limit, may be completely exposed to reaction (figure 4).
5. When this oxide-oxide strong interaction takes place, co-supporting metal nanoparticles with reducible-oxide nanoparticles on an oxide-support leads usually to highly active catalysts.
Conclusions
Through studying, analyzing and reviewing different catalytic systems involving oxides and metals together, we came in a theoretical background useful for designing new active catalysts. In the inverse catalysts, depending on the ability of the metal support to get oxidized, a nano-mixed-oxide may be formed at the interface between the supported oxide nanoparticle and the metal support by sharing oxygen atoms at the interface. The stronger the oxide-metal interaction the higher the probability of interfacial nano-mixed-oxide formation.
The mixed-oxide formation leads to a partial oxidation of the metal support which involves a reduction of the supported oxide nanoparticle without generating structural oxygen vacancies.
For that reason, this process could be called "natural" reduction. The reduction of the supported oxide activates its catalytic activity in many processes. In the case of WGS reaction it activates its ability to dissociate water, improving the whole WGS reaction catalytic activity.
This process is an interfacial event, which affects mainly the first layer of the oxide and the surface layer of the metal support. Therefore, depending on the thickness of the supported particle, the mixed-oxide may be exposed only at the border of the particle or, in the one-layer thick limit, may be completely exposed to reaction. The same effect may be reached by oxide- Figure captions A hypothetical "soft-reaction" profile, which leads the reaction through an energy path neither so-high nor so-low but just a middle smooth pathway, is also depicted. Figure 3: Natural formation of nano mixed-oxide at the oxide/metal interface in the inverse catalysts. The one-layer thick limit, in which the mixed-oxide phase is completely exposed to reaction, is also shown. Figure 4 : Natural formation of nano mixed-oxide at an oxide/oxide interface. The one-layer thick limit, in which the mixed-oxide phase is completely exposed to reaction, is also shown. 
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